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Abstract
The origin of stable old continental cratonic roots is still debated. We present numerical modelling results which
show rapid initial formation during the Archaean of continental roots of ca. 200 km thick. These results have been
obtained from an upper mantle thermal convection model including differentiation by pressure release partial melting
of mantle peridotite. The upper mantle model includes time-dependent radiogenic heat production and thermal
coupling with a heat reservoir representing the Earth’s lower mantle and core. This allows for model experiments
including secular cooling on a time-scale comparable to the age of the Earth. The model results show an initial phase
of rapid continental root growth of ca. 0.1 billion year, followed by a more gradual increase of continental volume
by addition of depleted material produced through hot diapiric, convective upwellings which penetrate the continental
root from below. Within ca. 0.6 Ga after the start of the experiment, secular cooling of the mantle brings the average
geotherm below the peridotite solidus thereby switching off further continental growth. At this time the thickness of
the continental root has grown to ca. 200 km. After 1 Ga of secular cooling small scale thermal instabilities develop
at the bottom of the continental root causing continental delamination without breaking up the large scale layering.
This delaminated material remixes with the deeper layers. Two more periods, each with a duration of ca. 0.5 Ga and
separated by quiescent periods were observed when melting and continental growth was reactivated. Melting ends at
3 Ga. Thereafter secular cooling proceeds and the compositionally buoyant continental root is stabilized further
through the increase in mechanical strength induced by the increase of the temperature dependent mantle viscosity.
Fluctuating convective velocity amplitudes decrease to below 10 mma−1 and the volume average temperature of the
sub-continental convecting mantle has decreased ca. 340 K after 4 Ga. Surface heatflow values decrease from 120 to
40 mW m−2 during the 4 Ga model evolution. The surface heatflow contribution from an almost constant secular
cooling rate was estimated to be 6 mW m−2, in line with recent observational evidence. The modelling results show
that the combined effects of compositional buoyancy and strong temperature dependent rheology result in continents
which overall remain stable for a duration longer than the age of the Earth. Tracer particles have been used for
studying the patterns of mantle differentiation in greater detail. The observed ( p, T, F, t)-paths are consistent with
proposed stratification and thermo-mechanical history of the depleted continental root, which have been inferred
from mantle xenoliths and other upper mantle samples. In addition, the particle tracers have been used to derive the
thermal age of the modelled continental root, defined by a hypothetical closing temperature. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction growth from below. This layering is disturbed
laterally by thermal rejuvenation by hot diapiric
upwellings which overprint existing thermal ageThe oldest continental shields have been stable
for several billions of years. The origin of these during the later evolution.
regions and the reason for their long term stability
is still debated. From seismological evidence
(Jordan, 1975; LeFevre and Helmberger, 1989; 2. Model description
Anderson, 1990; Woodhouse and Trampert, 1995;
Polet and Anderson, 1995) and interpretation of The model used here is identical to one of the
models (Model A) described in more detail by Dethe gravity field (Doin et al., 1996), and surface
heat flow data (Pollack and Chapman, 1977; Smet et al. (1999). Important features of the model
are: the use of a melting phase diagram for mantleNyblade and Pollack, 1993; Rudnick et al., 1998)
for continental regions it has been concluded that peridotite with linear solidus and liquidus which
practically limits occurrence of partial melting tocontinents are underlain by thick roots of composi-
tionally distinct material. Analysis of mantle xeno- the upper mantle above the transition zone at ca.
400 km depth. The mantle model is truncated atliths from different continental regions (Jordan,
1979; Griffin et al., 1996) has shown that the the upper to lower mantle boundary at a depth of
670 km. Thermal coupling between the uppercontinental roots consist of residual material
from pressure release partial melting of mantle mantle and the lower mantle and core is important
in the thermal evolution models which operate onperidotite.
We have developed a numerical mantle convec- a time scale of several billion years where secular
cooling of the Earth is significant. Therefore, wetion model to investigate the formation of conti-
nents during the Archaean and their subsequent have extended the upper mantle model with a
simple isothermal heat reservoir which accountsthermo-mechanical evolution since the late
Archaean and Proterozoic. for the influence of lower mantle and core on the
secular cooling of the upper mantle. We refer toIn previous work (De Smet et al., 1998, 1999)
we presented results which focused on the forma- De Smet et al. (1999) for a detailed discussion of
the boundary conditions. The applied numericaltion and early evolution of the first several hundred
million years after the initiation of continental modelling techniques (De Smet et al., 2000) consist
of finite element solutions for the temperature Tformation. It was shown that, after initiation,
continental roots may have grown rapidly be addi- and the convective velocity field u. The degree of
depletion F is defined as the mass fraction of melttion from below of depleted peridotite in relatively
small scale (±50 km), hot and melt-producing extracted from the partially melted mantle mate-
rial. Due to the occurrence of small (km) scalediapiric upwellings which intermittently penetrate
the growing continental root. strength the F field is computed on a high reso-
lution (sub-km scale) structured grid. Passive par-Here we present results of numerical modelling
which deal with the long term evolution of conti- ticle tracers are advected with the mantle flow in
order to monitor the F, T, pressure p, and thermalnents from their formation in the early Earth until
the present day. We also present an analysis of age tclose for several hypothetical closing temper-
atures Tclose.detailed temporal and spatial evolution of tracer
particles which sample several physical quantities
in the diapiric melting process. 2.1. Time convention
Finally we have investigated the evolution of
the ‘thermal age’ of evolving continental roots, For elapsed model time we use Ma or Ga where
the model evolution starts at t=0 Ma. In somedefined as the elapsed time since a sample of
mantle rock has cooled below a hypothetical clos- discussions b.p. or Ga b.p. is used, meaning the
time before present, that is, this is the age of theing temperature. The results show a vertical layer-
ing in thermal age related to the mechanism of model measured from a present day situation back
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in time. We used for the present day model situa- shields do occur at present (e.g., Yellowstone hot-
spot in North-America) or in the past in Africation a model evolution time of 4000 Ma, that is,
0 Ma b.p.=4000 Ma (end of the model computa- (Ebinger and Sleep, 1998). A catastrophical large-
scale overturn is, however, not observed duringtions) and 4000 Ma b.p.=0 Ma (start of the model
computations). See Section 3.4 for the application the investigated time-window. Depleted continen-
tal root delaminates by relatively small thread-likeof this choice.
structures, which sometimes reach the upper to
lower mantle transition depth. As a result, spirals
of delaminated depleted material develop slowly3. Modelling results
as is observed in the F-field at 4.0 Ga.
From the decrease in the density of stream-lines3.1. Model evolution up to 4 billion years
in Fig. 1 with proceeding evolution it is concluded
that the vigour of convection is gradually decreas-Fig. 1 shows the long-term evolution of the
continental upper mantle model. The left-hand- ing. Despite these sluggish convection rates, the
compositional state of the upper mantle does showside column shows snapshots of the compositional
field from 0.7 to 4.0 Ga. On top of the depleted significant variations during the last 1 billion years
of evolution shown.mantle the lower and upper crustal layers are
represented as black and white areas, respectively. The lateral variations of temperature in the
right-hand-side column of Fig. 1 show that coldAt corresponding times the lateral variations in
the temperature fields, that is, T–Thor, are areas coincide with thick depleted continental
roots. The maximum temperature is 2216°C at t=depicted in the right-hand-side column of Fig. 1.
The extreme temperature values are not actually 1.5 Ga and decreases to 2058°C at t=4.0 Ga. Most
thermal anomalies have amplitudes of ca. 300°C,attained, which can be seen when the shown tem-
perature variations at 2500 Ma are compared with and the maximum positive thermal anomaly of the
shown snapshots is 616°C at t=2.0 Ga.the actual temperature field as given in Fig. 9 for
1500 Ma b.p. (the vertical scales are not identical Fig. 2 shows the evolution of several global
quantities. The volume average temperature infor both figures). All frames for both the temper-
ature and composition also contain instantaneous Fig. 2a illustrates that secular cooling occurs at an
almost constant rate. The drop in the volumestream-lines of the convective velocity. Black and
white lines correspond to clock and counter-clock- averaged temperature due to cooling from the top
is 340°C from 1740 to 1400°C.wise flows, respectively.
Following the evolution in the F-field from 0.7 Fig. 2b shows the evolution of the volume
averaged degree of depletion F. After the initialto 2.5 Ga we see that the total volume of depleted
continental root increases. After 2.5 Ga, this generation of the continental root, completed at
ca. 50 Ma, three episodes follow during which theincrease of the depleted volume has stopped.
Mantle differentiation has apparently ceased total volume of depleted material increases. The
onset of these partial melting periods is markedbetween 2.5 and 3.0 Ga.
The transition from root to mantle is set at the with arrows. In spite of the overall secular cooling,
upwellings apparently still cross the solidus.depth where F#10%. Up to ca. 2.0 Ga the compo-
sitional layering is relatively undisturbed and the During the last 1.2 Ga of evolution the value of
F remains constant because mantle differentia-root extends to depths varying between 150 and
300 km. Hot upwellings are sporadically penetrat- tion has stopped after 2.8 Ga of evolution. If we
assume that the initiation of continent formationing the continental root after a model time of ca.
2 Ga. This is related to the increase in the occur- in the model corresponds to 4.0 Ga b.p., the melt
production stopped 1.2 Ga b.p., that is, the laterrence of delamination of the continental root,
which in turn results from the advancing cooling Proterozoic. Several suggested continental growth
curves (Windley, 1995) show a major surge offrom the top down of the upper mantle system.
Hot diapiric upwellings underneath old continental continental growth during the Mid and Late
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Fig. 1. The left-hand-side column shows the F-field. Evolution times are given at each frame. The white and black layers at the top
are the upper and lower crustal layers, respectively. The white F-field below the crust corresponds to 9%<F<10%. The corresponding
lateral variations of the temperature field (i.e., T–Thor) are shown in the right-hand-side column. The black and white contour
lines in all frames indicate clock and counter clockwise flows, respectively. See Section 2.1 for the time use convention.
Archaean followed by a more slowly and steadily the progressive cooling, which results in a signifi-
cant increase in the overall viscosity.increase in crustal volume.
Fig. 2c illustrates that convection rates slowly Fig. 2d shows the averaged heat flow through
the Earth’s surface q0. Starting at high valuesdecrease. Besides, the amplitude of the variations
in the Vrms decrease with time. This is caused by of ca. 120 mW m−2, values decrease to ca.
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of unit cross section. Assuming a constant secular
cooling rate in line with Fig. 2a this amounts to
an average surface heatflux of 6 mW m−2 for the
4 Ga time window under consideration. This value
corresponds well with interpretations of heat flow
observations for the Canadian shield by (Jaupart
et al., 1998) who report mantle heatflow contribu-
tions between 7 and 15 mW m−2.
Fig. 3 shows several horizontally averaged
quantities at four moments in time. Fig. 3a shows
the horizontally averaged profiles for F. Due to
delamination, vertical redistribution of depleted
rock occurs. This results in an increase in F
hor
in the 300–650 km depth range.
Fig. 3b shows the horizontally averaged temper-
ature of the upper mantle model. Although the
geotherm is below the solidus (dashed), partial
melting events take place in upwellings associated
with thermal anomalies that cross the solidus.
After prolonged evolution, a thermal boundary
layer (TBL) develops at the bottom. This is due
to the thermal inertia of the heat reservoir of the
lower mantle and core, and the applied imperme-
able lower to upper mantle transition, which buff-Fig. 2. Evolution of some volume averaged quantities. (a)
Temperature. (b) Degree of depletion. (c) Root-mean-square ers the cooling of the upper mantle. The decrease
velocity for which the off-scale part is shown in De Smet et al. in temperature of the shallow model region is
(1998). (d) Average surface heat flow value. enhanced by the decrease in radiogenic heating,
which is concentrated in the crustal layers.
Fig. 3c shows a dramatic decrease of the hori-40 mW m−2 after 4.0 Ga. Such a low surface heat
flow value is reasonable for a present-day cratonic zontally averaged convection rates from a maxi-
mum value of ca. 10 mma−1 at t=1.2 Ga toshield area (Chapman, 1986; Pollack et al., 1993).
The steep decrease in q0 during the early evolution 2 mma−1 at 4.0 Ga. Also the vertical variations in
convective velocities diminish with proceedingof the model is followed by a much more steady
decrease. evolution.
Fig. 3d shows the evolving viscosity profile. TheFig. 2a suggests an almost constant cooling rate
of the upper mantle model. On the other hand the strong increase in viscosity is the main cause for
the decrease in Vrms. The decrease in averagedsurface heatflow decreases significantly during the
4 Ga evolution. From these curves it can be mantle temperature results in a less pronounced
minimum viscosity in the asthenospheric layerdeduced that the surface heat flux is mainly pro-
duced by radiogenic heat sources, concentrated at underneath the growing MBL. The minimum value
of the viscosity increases considerably by approxi-shallow level which decrease due to radioactive
decay with an effective half life time of ca. 2 Ga mately two orders of magnitude from 5×1019 to
5×1021 Pas over 3 Ga. The shallow region of theDe Smet et al. (1999). A first order estimate of
the heart flow component due to secular cooling continental root is stabilized by the growth of the
MBL at the top. The slowly evolving TBL at theof the upper mantle model follows from the drop
in the volume averaged temperature of 340 K bottom causes an inversion in the deeper upper
mantle viscosity profile.which represents a thermal energy decrease of
DQ=8×1014 J m−2 in an average vertical column Fig. 4 shows the distribution of melt produc-
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Fig. 3. Horizontally averaged profiles at several stages of the model evolution. (a) Degree of depletion. (b) Temperature. (c) Velocity
root-mean-square. (d) Viscosity. The dashed curves in (b) are the solidus and liquidus equilibrium lines.
Fig. 4. The horizontal (a) and the one-dimensional depth (b) melt production distribution as a function of time. Note the three long
distinct periods of partial melting (a+b), and the decrease in time of the depth range of melt production (b).
tivity versus time integrated over vertical columns 3.2. Detailed dynamics of diapiric partial melting
(Fig. 4a) and horizontal rows (Fig. 4b). Up to
In order to investigate the patterns of mantle2.8 Ga three episodes of upper mantle differentia-
differentiation in greater detail we applied a set oftion can be recognized from 120–600 Ma, 1.5–
tracer particles. Each single tracer in the set tracks2.2 Ga, and 2.5–2.8 Ga. Apparently, the continen-
the histories of the degree of depletion F, thetal upper mantle system experiences quiescent
temperature T, and its position (x, z).periods during which no intermittent melting
Fig. 5 shows several enlargements of a regionoccurs. During evolution the maximum depth of
where mantle differentiation occurs. The time-melting decreases [Fig. 4b] because of the decrease
window from 401 to 500 Ma is part of the firstin mantle potential temperature with time. At the
period of intermittent melting events shown insame time the growth of the MBL increases the
Fig. 4. The positions of nine tracers are shown forminimum depth to which melt producing diapirs
can rise. eight snapshots, which are unevenly spaced in
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Fig. 5. Several enlargements of F-field snapshots illustrating the evolution of the continental root where small-scale melting diapirs
impinge the depleted layer between 401 and 500 Ma. The material that melts comes from the undepleted deeper region as inferred
from the flow pattern the nine tracers. This melting event corresponds to the first long period of the model evolution during which
episodically melting occurs and melting starts at relatively large depths (see also Fig. 4). Note that the full available grid resolution
was used in these contour plots. See Section 2.1 for the time use convention.
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time. The relation between tracer symbols and
corresponding numbers is given in the red legend
at the bottom right-hand-side of Fig. 5.
In Fig. 5a four tracers (1, 4, 6, 7) are situated
in the undepleted mantle at ca. 350 km depth at
t=401 Ma. Following the tracer positions in time
shows that they are part of a hot melt producing
diapir that impinges on the continental root
(Fig. 5b–h). They reach depths between 60 and
100 km and spread both laterally and vertically in
the root. Their relative positions illustrate the
vorticity of the mantle flow in the region where
melting occurs. Furthermore, the central region of
the mantle diapir, which exhibits a low F value
during early ascend does not differentiate much
Fig. 6. (a) ( p, T, t)-path for tracer that represents a mantlefurther during the remaining ascend. This is
volume subject to recurrent melting. Time increment betweenillustrated by the F-values of tracers 1 and 4 in
symbols as indicated in the paths is 1 Ma. (b) CorrespondingFig. 5c and e. ( p, T, t)-path. The symbols used in (a) and (b) corresponds to
The tracers 2 and 3 are in close proximity to the tracer depicted with the same symbol in the contour plots
each other at t=401 Ma (Fig. 5a) where they are for the F-field in Fig. 5.
part of the less depleted deeper part of the root.
At t=420 Ma (Fig. 5f they have a much larger
separation. During the time-window shown, they
are mainly subject to lateral movement in the
deeper part of the root where their degree of
depletion is not altered.
Tracers 8 and 9 are subject to recurrent melting.
Fig. 6a and b shows the ( p, T, t)- and ( p, F, t)-
paths for tracer number 9 for the 401–500 Ma
time-window. At point A the tracer has a low
value of F and it slowly ascends to point B (t=
413 Ma). At this point, the tracer represents a
small mantle volume with F=10% which starts to
rise much faster and crosses its solidus at F=19%.
Here, a relatively slow vertical movement around
a depth of 125 km (4.2 GPa) is observed until t=
450 Ma, when a further ascent to point D begins. Fig. 7. (a) ( p, T, t)-paths for three tracers. They correspond to
tracers approximately positioned in the heart of different meltRecurrent melting from C to D increases the
producing diapirs that impinge on the continental root. Thedegree of depletion to 26%. The uprise continues
final position of each tracer for the displayed time-window cor-more slowly and without melting to point E after
responds to the indicated time. Indicated times are model times
which the tracer descends to higher pressure (point (see Section 2.1). The elapsed model time between the symbols
F). It circulates back upward to point G, but is is 1 Ma. The hot and cold tracer correspond to the first and
last period of melting, respectively. Tracer potential temper-too cold to initiate another cycle of recurrent
atures are indicated next to each ( p, T, t)-path and the hori-melting.
zontal axis is the actual temperature. The time incrementThree ( p, T, t)-paths and corresponding
between symbols is 1 Ma. (b) ( p, T, t)-paths corresponding to
( p, F, t)-paths are given in Fig. 7a and b, respec- (a). The tracer path indicated with open squares in (a) and (b)
tively. Each tracer is approximately situated in the is the tracer depicted with the same symbol in the contour plots
for the F-field in Fig. 5.centre of a melting diapir. They correspond to the
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three main periods of differentiation (see Fig. 4). acts as an artificial mixing mechanism in the
numerical model.The final position of each tracer for the displayed
time-window corresponds to the indicated model
3.3. Comparison with theoretical geothermstime. The path marked with open squares corres-
ponds to tracer 1 which is indicated with the same
We compare the global and local thermal statesymbol in Fig. 5.
of the upper mantle model at t=4 Ga with theo-The subsolidus ascend of material occurs adia-
retically derived continental geotherms for a pre-batically and the corresponding potential temper-
sent-day cratonic situation. The heat flow throughatures Tpot are given in Fig. 7a. The mantle the surface of the model has dropped to antemperature decreases with time and partial melt-
averaged value of 41 mW m−2 at this point in theing therefore starts at shallower depth as time
evolution. Surface heat flow measurements forprogresses, since the solidus is crossed at lower
cratonic shields with an age of >3.5 Ga rangepressures. A hotter upwelling is capable of produc-
between 30 and 50 mW m−2 (Pollack et al., 1993).ing more melt over a larger depth interval and
Since the model heat flow value is within thisreaching higher degrees of depletion (Fig. 7b).
interval after 4 Ga of evolution, we compare thisThis was also observed in the melt productivity
model state with the theoretical cratonic thermalshown in Fig. 4. When the upper mantle cools
model used by Chapman (1986) and Pollack et al.further, the MBL at the top of the mantle grows
(1993). This model is thought to be valid for the(Fig. 3d), which prevents the diapirs from penet-
relatively shallow part of the shield where conduc-rating the root to shallow levels. The presence of
tive heat transport is dominant.the MBL at the end of the melting path prevents
The model crustal thicknesses and heat flowfurther ascend after which the tracer becomes part
values in combination with the incorporated radio-of the stagnant layer and cools further by conduc-
genic heat generation at t=4 Ga are used as thetive heat loss. This is consistent with the ( p, T, t)-
parameters for the theoretical geotherm computa-
paths derived for upper mantle samples described
tion as given by Chapman (1986). Note that the
by Roermund and Drury (1998). heat productivity in the two-dimensional convec-
Highly depleted material is positioned directly tion models is based on the data also given by this
underneath the crust during early evolution. After author. In the model the exponential depth distri-
cooling from the top this material is trapped and bution of the heat productivity in the upper crust
can be brought to the surface during later evolution is simplified to an equivalent uniform value. We
in the form of xenoliths. Bernstein et al. (1998) therefore give two theoretical geotherms: one cor-
describes such xenoliths that contain highly responding to the exponential distribution of
depleted mantle material (~40%) originating from radiogenic heating according to Chapman (1986)
depths of 1–2 GPa. and one with the equivalent uniform value.
After melting has stopped, the depleted material Furthermore, at large depths advective heat trans-
becomes part of the continental root. It maintains port becomes more important and the theoretical
its attained F-value except for small effects of geotherm deviates significantly from the results
numerical diffusion, which causes the slow decrease derived from the convection model.
in depletion observed at low pressures for the Fig. 8a–c shows three temperature profiles
tracer path marked with crosses in Fig. 7b. This derived from the convection model and Fig. 8d is
numerical diffusion is an artifact of the numerical the horizontally averaged state of the model. They
method (De Smet et al., 2000). The two cold can be compared to the corresponding theoretical
tracers in Fig. 7b are already modestly depleted geotherms defined by Chapman (1986). The thin
(F=3.5%) during upwelling before reaching the solid lines are for an exponential distribution of
solidus. This is caused by the mixing of delami- radiogenic heating in the upper crust. The surface
nated depleted material in the deeper mantle due heat flow of the model are given in each frame.
Lateral variations of the lower and upper crustalto the finite amount of numerical diffusion, which
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Fig. 8. (a–c) Geotherms derived from the convection model (thick solid line) at 4000 Ma at several x-locations as indicated above
each frame. The last frame (d) shows the averaged temperature profile. The thin dashed and solid lines are theoretical continental
geotherms as described by the model of Chapman (1986) where the heat flux at the surface (q0) is obtained from the model. The
deeper part of the theoretical curves are defined by an adiabatic geotherm corresponding to a present-day potential temperature of
1280°C (McKenzie and Bickle, 1988). The colder dashed geotherms corresponds to the uniform upper crustal radiogenic heat
production at 4000 Ma as incorporated in the model. The solid thin line corresponding to an exponential distribution in the upper crust.
thicknesses in the model (see Fig. 1) are taken into here as the time elapsed since a rock sample cooled
below a hypothetical closing temperature Tclose. Inaccount. It can be concluded from Fig. 8 that for
shallow depths (<200 km) the geotherms derived the model calculations, the temperatures of a set
of tracer particles is monitored at every time-step.from the convection model are in reasonable
agreement with the continental geotherms accord- When a tracer cools below the closing temperature
the current model time value is stored. The closureing to Chapman (1986).
time is reset when the closing temperature is
exceeded during a later event. This thermal rejuve-3.4. Age and compositional structure of continental
roots nation can occur by reheating during thermal
events. Results are presented for several hypotheti-
cal closing temperatures ranging from 600 toThe mechanism of continental formation and
evolution resulting from the mantle convection 1200°C with intervals of 200°C. This is within
suggested upper mantle ranges (Mezger et al.,model presented here produces a specific structure
of the continental root expressed in the thermally 1992). The state of the model after 4 Ga of evolu-
tion is assumed to correspond to the present-daydefined age and the composition. Samples of deep
continental root material brought up as xenoliths situation, i.e., t=4 Ga=0 Ma b.p.
In the left-hand-column of Fig. 9 the evolutionand peridotite massifs have been used to derive
information about ( p, T )-conditions (Finnerty of the closure time is given for Tclose=1200°C for
snapshots starting at 2.5 Ga b.p. and ending atand Boyd, 1987; Boyd, 1987) age (Boyd et al.,
1985; Boyd and Gurney, 1986; Pearson, 1997) and 0 Ga b.p. with 0.5 Ga intervals. Note that the
depth-scale is twice the x-scale to emphasize thecomposition (Jordan, 1979; Griffin et al., 1984,
1996) of the upper mantle below continents. Here details. Deep, white areas indicate that the temper-
ature of the material is higher than Tclose. Whitewe present similar observables derived from the
numerical modelling results. upper mantle areas just underneath the crustal
layers have temperatures below the Tclose from theThe same set of tracers used in the previous
section has been used to investigate the structure onset of evolution. The corresponding temperature
fields are given in the right-hand-side column.and evolution of the thermally defined age of the
continental root. The thermal age tclose is defined At 2.5 Ga b.p. there is a shallow feature in the
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Fig. 9. Evolution of the closure time ( left-hand-side column) for a closing temperature of 1200°C when 4000 Ma=0 Ma b.p. is
assumed. The white deep regions are still above the closure temperature. The transition from the coloured regions at the base to the
deep, white part shows a very narrow band with old ages, which is an artifact of the post-processing and plotting procedure. This
transition should be sharp from young age to no age (white). The corresponding temperature fields are depicted in the right-hand-
side column. Note that the depth-scale is exaggerated twice with respect to the x-axis to emphasize the details. See Section 2.1 for
the time convention use convention.
1200<x<1400 km range, which reaches the lower caused this feature is slowly disappearing as is
illustrated by the temperature field at 2.5, 2.0 andcrust. This is the result of an older hot temperature
anomaly, the remnant of a mantle diapir timed at 1.5 Ga b.p. This region on the ‘left’ closes within
1 Ga up to a depth of almost 200 km.3.5 Ga b.p., no longer visible in the temperature
field. A similar event is observed from 2.5 to Over a depth range of 125<z<225 km between
x=1000 and 1300 km rock reached temperatures1.0 Ga b.p. at a slightly greater depth in the
100<x<300 km range. The thermal anomaly that <1200°C at 1.0 Ga b.p. During the next 500 Ma
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b.p. is related to the accelerated shift of the iso-
therms to greater depth. This thermal shift starts
between 1.5 and 1.0 Ga b.p., at x=700 km as
shown in the temperature frames of Fig. 9.
The stratification of the compositional layering
in the continental root and its lateral variation are
illustrated in Fig. 11b1–b3 for the same horizontal
positions as those given in Fig. 11a1–a3. The
detailed structure shown in these profiles is numeri-
cally well resolved. Maximum values of F=30%
are found at shallow sub-crustal levels correspond-
ing to the oldest depleted material in the model
that was in a hot mantle during the initial phase
of continental formation. This material might cor-
respond to the strongly depleted material found in
mantle xenoliths originating from shallow depths
as reported by Carswell et al. (1984) and Bernstein
et al. (1998). The results of partial remixing of
Fig. 10. The closure time fields at 0 Ma b.p. for closing temper- material that delaminated from the continental
atures of 600, 800 and 1000°C from top to bottom when root is illustrated by the low values of F in the
4000 Ma=0 Ma b.p. is assumed. The depth-scale is exaggerated sub-continental mantle.
twice with respect to the x-axis. The white deep regions have
not yet cooled enough and therefore have not sank below the
closure temperature. See also the caption for Fig. 9.
4. Discussion and conclusions
The numerical modelling results show that con-of evolution, a hot upwelling resets these closure
times after which the rock ‘closes’ again from tinental upper mantle which has been formed in a
relatively short period during the Archaean0.5 Ga b.p. on. A similar smaller scale process has
been active between 2.0 and 1.0 Ga b.p. around remains gravitationally stable for at least 4 Ga.
Although small scale delamination events occur,x=600 km.
Similar patterns are also observed for the lower which result in remixing of depleted continental
root material in the sub-continental mantle, norange of Tclose. Fig. 10 shows continental thermal
age structures for different closing temperatures large scale collapse of the continental root occurs
for the observed time window. This long term(600, 800 and 1000°C) at 0 Ma b.p. The effect of
cooling from the top is reflected in the differences stability is due to the effect of the low density of
the depleted residual peridotite. This is reinforcedbetween the patterns of closure times at different
closing temperatures. by the effect of the temperature dependence of the
viscosity which results in the growth of the strongVertical profiles of the closure times and degree
of depletion at 0 Ma b.p. are given in Fig. 11a at mechanical boundary layer during secular cooling.
The thickness of the resulting continental rootthree horizontal positions identical to those given
in Fig. 8. (200–250 km) corresponds to similar values
reported from seismological observationsLateral variations in thermal history are
illustrated by the differences between the frames (Woodhouse and Trampert, 1995) although larger
values have been reported also (Durrheim andin Fig. 11a1–a3. The sub-horizontal parts of these
curves are the result of thermal rejuvenation, reset- Mooney, 1994; Polet and Anderson, 1995).
Detailed analysis of the ( p, T, F, t)-pathsting the thermal age beneath the secularly growing
MBL. For instance, the fast drop to greater depth illustrate the nature of recurrent melting in mantle
diapirs which penetrate the continental root fromof the tclose-curves in Fig. 11a2 at tclose=1.3 Ga
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Fig. 11. Profiles of the F-field (b) and four closure times (a) at three x-locations identical to the locations used for the profiles as
given in Fig. 8. The profiles correspond to t=4000 Ma=0 Ma b.p. for which the closure temperature fields are depicted in Figs. 9
and 10. The deeper region for which the closure time profile is not shown has temperatures higher than the indicated closing
temperatures. The ‘wiggles’ in the F-profiles (b) are resolved by the numerical method.
below. The results show that partially melted mate- Several limitations of the model should be con-
sidered. First the model configuration is limited torial in the root can be entrained in diapiric upwell-
ings, resulting in recurrent melting. The model a completely continental upper mantle. This pre-
vents lateral heat transport form the sub-continen-( p, T, F, t)-paths show similarities with recent peri-
dotite samples found in mantle xenoliths tal mantle, which would enhance the secular
cooling (Nyblade and Pollack, 1993; Pollack,(Bernstein et al., 1998) and peridotite massifs
(Roermund and Drury, 1998). The analysis of the 1997). At present, cratonic shields are not adjacent
to oceanic upper mantle but are typically sur-thermal age of the model continental root reveals
a definite layering in the thermal age with the rounded by Proterozoic continental upper mantle
systems. Nevertheless, during early evolution inoldest material of ca. 4 Ga situated at shallow
depth directly beneath the crust. This reflects the the Archaean those Proterozoic systems still had
to be formed, and some interaction with the non-mechanism of growth of continental lithosphere
from below. Lateral variation of the thermal age continental environment must have taken place.
This requires more insight into non-continentalincreases with depth in the continental roots due
to thermal rejuvenation by diapiric events in the Archaean mantle dynamics, which was probably
completely different from today’s situation (Vlaarweaker deeper parts of the root during later
evolution. et al., 1994).
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